Introduction
Braz J Med Biol Res 42 (12) 2009 www. To date, there are no definitive clinical surgical strategies to repair tracheal defects longer than 7 cm, despite the fact that experimental tracheal transplants and synthetic or biological prostheses have been used to repair lesions (1) (2) (3) (4) (5) .
Different experimental reconstruction models have been prepared with cryopreserved tracheal grafts frozen in cellular culture media (6) . Based on freezing temperature and liquid nitrogen storage, cryopreserved tracheal graft protocols can be divided into two types: a) tracheal grafts frozen at -60° to -140°C and stored in liquid nitrogen until their use in surgical repair (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , and b) tracheal grafts cryopreserved within a more homogeneous range of temperature (-80°/-85°C), without liquid nitrogen storage (3, (21) (22) (23) (24) .
The results obtained for experimental tracheal reconstruction with cryopreserved grafts are contradictory, and therefore this material has not been considered for clinical application. Most investigators agree that cryopreservation has an immunomodulating effect on tracheal allografts since it decreases antigenicity (5) (6) (7) (12) (13) (14) (25) (26) (27) (28) . This is attributed to the depletion of class II leukocyte antigen expression due to the exfoliation of tracheal epithelium produced during the freezing and defrosting process (3, 5, 6, 11, 28, 29) .
The freezing and thawing process results in decreased cell viability, although remaining intact and viable tracheal epithelial cells can be found even after cryopreservation. These living cells can induce an immunological reaction in the host. Since caspase-3 is the common denominator in both apoptotic starting pathways (30), we decided to study caspase-3 immunoreactivity in the remaining viable epithelial cells of cryopreserved tracheal segments.
Material and Methods
The protocol was reviewed and approved by the Ethics Committee of the National Institute of Respiratory Diseases Ismael Cosio Villegas (NIRD), and carried out according to the technical specifications for the Care and Use of Laboratory Animals of the Official Mexican Norm (31) and the Guide for the Care and Use of Laboratory Animals prepared by the National Institutes of Health, USA (32) .
Surgical technique
Four tracheas were harvested from 4 unrelated mongrel dogs weighing 15 to 30 kg. The dogs were prepared before surgery with a 24-h fast for solid food and a 12-h fast for liquids. Initial anesthesia was induced with 0.1 mg/kg iv hydrochloric xylazine (Rompum, Bayer, Germany) and propofol 6 mg/ kg (Diprivan, Astra Zeneca, Mexico), followed by immediate intubation with an endotracheal tube (Rush, Malaysia) connected to a volume ventilator (Harvard Apparatus, USA) with a vaporizer (Isotec 3 Ohmeda) at a respiratory rate of 20 breaths/min, volume of 15 mL/kg and 100% FiO 2 . Anesthesia was maintained with 2% isoflurane. The anesthetized dog was placed in the supine position. The neck of each animal was shaved and prepared with povidone-iodine solution. The entire trachea was exposed after separating the strap muscles. After harvesting the trachea, fine dissection was done on a Mayo tray placed over an ice chest.
Tracheal segment preparation
The cricoid cartilage was removed. The trachea was cut into five ring segments, washed for 3 min in cold glucose solution, and kept under ice with changes of the solution every minute. The glucose solution was prepared with 50% glucose (DX-50 solution, PISA, Mexico), 20 mL 20% mannitol (PISA), and 5000 U heparin (Inhepar, PISA), and 0.1 mL antibiotic-antimycotic solution (A5955, Sigma, USA) was added per liter of solution.
Cryopreservation solution
The solution used for cryopreservation of the tracheal segments was F12K (21700-026, Gibco, USA) to which 10% dimethylsulfoxide (D2650, Sigma), 20% fetal bovine serum (16000-044, Gibco), 20% hyaluronic acid solution at 0.1% (53730, Fluka, Germany), and 0.1 mL antibioticantimycotic solution (A5955, Sigma) were added per liter of solution.
Treatments of the tracheal segments
Cryopreservation of the tracheal segments included two different treatment schemes regarding storage in liquid nitrogen. In both schemes, immediately after washing with the glucose solution, each tracheal segment was placed in a cryogenic vial containing F12K medium. The vials were then placed inside a polystyrene foam box and frozen at -70°C.
Study groups
Immediately after washing in glucose solution, the tracheal segments were randomly divided into a control group without cryopreservation and four groups with cryopreservation.
Group 1 (N = 6, control group, without cryopreservation). The tracheal segments were not exposed to any type of cryopreservation. They were only rinsed in glucose solution.
Group 2 (N = 6). The tracheal segments were cryopreserved in F12K medium at -70°C for 2 days.
Group 3 (N = 6). The tracheal segments were cryopreserved in F12K medium at -70°C for 2 days, followed by storage in liquid nitrogen at -196°C for 15 days.
Group 4 (N = 6). The tracheal segments were cryopreserved in F12K medium at -70°C for 15 days.
Group 5 (N = 6). The tracheal segments were cryopreserved in F12K medium at -70°C for 15 days, followed by storage in liquid nitrogen at -196°C for 15 days.
Thawing the cryopreserved tracheal segments
At the end of the cryopreservation time, the cryogenic vials were placed in a double boiler at 37°C for 30 min and immediately rinsed for 3 min in F12K medium maintained at 37°C, with three changes of the solution.
Microscopic evaluation
The tissue samples collected from the central and external portion of the tracheal ring were embedded in paraffin blocks and fixed in 10% buffered formalin for 24 h. They were dehydrated in increasing ethanol concentrations, cleared in xylol, embedded and blocked in paraffin wax, and then cut into 4-µm thick sections with a rotatory microtome. The sections were mounted on glass slides and stained with hematoxylin and eosin and safranin O.
Immunoreactive caspase-3 in the tracheal epithelium (mucosa and glands) was determined with a polyclonal antibody (caspase 3 (CPP32) Ab-4, Rabbit Polyclonal Antibody, Neo Markers, Lab Vision, RB-1197-P, USA) and the biotin-avidin-peroxidase system, after staining with aminoethylcarbazole and double staining with hematoxylin. A negative control for caspase-3 was included in all tests.
Results
Thirty 5-ring long tracheal segments were obtained from the tracheas of 4 unrelated mongrel dogs, for a total of 90 tracheal rings. The proximal, central, and distal rings (3 rings per tracheal segment) were studied and processed for histological evaluation and for the determination of caspase-3 immunoreactivity.
Microscopic evaluation
Histologically, the cross-section of the tracheal wall in both the control and cryopreserved segments displayed scattered denuded epithelium, with normal structural integrity. The smooth muscle in the membranous portion of the trachea was grossly and histologically viable. The tracheal hyaline cartilage in all segments maintained their horse-shoe shape, and there was no disruption of the cartilaginous architecture (Figure 1) . The cartilage showed viable chondrocyte nuclei in the lacunae (Figure 2) .
Tracheal mucosa epithelium. All groups showed areas of unaltered tracheal epithelium, and different degrees of detachment ranging from mild to total tracheal epithelial cell detachment.
Tracheal mixed glands. The tracheal mixed glands of the control group showed normal structural integrity, with uncongested tracheal lumen and epithelial cells.
All the cryopreserved groups showed dilated mixed glands and depletion of structural integrity, with congested lumen and depletion of epithelial cells.
Immunoreactive caspase-3
Epithelium from tracheal mucosa. The number and percentage of tracheal rings positive for caspase-3 immunoreactivity in the epithelium from the tracheal mucosa is shown in Table 1 and is illustrated in Figure 3 .
The epithelium of the tracheal mucosa contained caspase-3 in all 18 rings (100%) from the control group. Inside every ring, there were areas with different caspase-3 immunoreactivity, which were classified as follows: 1) no caspase-3 immunoreactivity in the epithelial cells, 2) immunoreactivity in a few epithelial cells, 3) immunoreactivity found mainly in the basal epithelial cells, and 4) immunoreactivity localized in most of the epithelial cells ( Figure  4 ). The percentage of tracheal rings with caspase-3 immunoreactivity in the epithelium of cryopreserved tracheal segments was 55.6% for group 2, 11.1% for group 3, 77.8% for group 4, and 0% for group 5.
The number of rings with caspase-3 immunoreactivity in the epithelium from the tracheal mucosa was decreased in all the cryopreservation groups ( Figure 5 ). This finding was statistically significant in the groups stored at -70°C and in liquid nitrogen (control vs -70°C, control vs -196°C, and -70°C vs -196°C; P < 0.03, ANOVA and Tukey test) Tracheal mixed glands. The number and percentage of tracheal rings with caspase-3 immunoreactivity in mixed glands are shown in Table 2 and are illustrated in Figure 6 .
All 18 rings (100%) of the tracheal mixed glands from the control group presented caspase-3 immunoreactivity. Inside every ring there were areas with different caspase-3 immunoreactivity, which were classified as follows: 1) mixed glands without caspase-3 immunoreactivity, 2) caspase-3 in the demilunes of the mixed glands without involved epithelium, 3) caspase-3 in the demilunes of the mixed glands with moderately involved epithelium, and 4) caspase-3 in the demilunes of the mixed glands with seriously involved epithelium ( Figure 7) . The mixed glands in the cryopreserved groups presented decreased caspase-3 immunoreactivity ( Figure 8 ). The percentage of tracheal rings with caspase-3 immunoreactivity in the mixed glands of cryopreserved groups was 83.3% for group 2, 22.2% for group 3, 72.2% for group 4, and 16.7% for group 5.
All cryopreserved groups showed a decreased number of rings with caspase-3 immunoreactivity in the tracheal mixed glands compared to control. This decrease was statistically significant in the groups cryopreserved at a lower temperature (-196°C) (control and -70°C vs -70°C + liquid nitrogen; P = 0.00, ANOVA and Tukey test), with no significant difference between the number of rings with caspase-3 immunoreactivity in the tracheal mixed glands due to the freezing effect at -70°C (control vs 
Discussion
We evaluated caspase-3 immunoreactivity in the remaining epithelium of tracheal grafts cryopreserved with F12K medium at -70°C, with or without subsequent storage in liquid nitrogen. Cryopreservation involves the benefit of hypothermia, which prevents ischemic injury and reduces cell metabolism, although the process itself is not innocuous. Different methods and protocols are used to cryopreserve cells or tissues with different cryopreservation solutions. The main goal of cryopreservation solution is to nourish cells at physiological and low temperatures to keep cell viability. They also contain concentrations of electrolytes similar to normal intracellular levels, in order to restrict the ischemic imbalances as a result of reduced temperature and the switching off of ionic pumps. They also have an impermeant anion to reduce cellular swelling during low temperature storage. The F12K nutrient medium has been used successfully in tissue engineering and in articular chondrocyte and tracheal cryopreservation. Thus, we thought that it could be very useful for the present investigation since our goal was to study the effects of cryopreservation and apoptosis on the tracheal epithelial cells, limiting damage to the tracheal cartilage. We added 20% SBF and 10% DMSO cryoprotective agents to the F12K nutrient solution in order to limit cryoinjury.
There are many reports about tracheal cryopreservation time (1 to 730 days). However, better cell viability has been reported after shorter periods of cryopreservation, since tracheal cartilage is prone to severe damage with a long cryopreservation time. Our aim in the present investigation was to study the viability of tracheal epithelial cells remaining after cryopreservation and its apoptotic process, since these are the most powerful antigenic factors (3, 6, 11, 29) ; however, tracheal cartilage viability and structure must be kept as viable as possible, since they provide the framework for tracheal transplantation. Thus, we also wanted to obtain the best viability of tracheal cartilage (knowing that we would get some degree of epithelial cell viability). The best cryopreservation times are between 2 and 15 days and traditionally thawing time is short (1-3 min) at 37-40°C for cells cryopreserved in 1-2 mL vials. In the present study, we decided to increase thawing time to 30 min at 37°C since a 5-ring segment needs 25 mL of cryopreservation solution. In our experience working with trachea cryopreservation, we have observed that a short thawing time results in non-homogeneous defrosting, since cryopreservation solution defrosting begins from the outside, with the intraluminal tracheal cryopreservation solution being the last to defrost.
The apoptotic process of different cellular groups begins with harvesting and continues during cryopreservation and cell thawing, triggering caspase-3 (33) (34) (35) . We found a greater quantity of tracheal epithelial and mixed glands and higher caspase-3 immunoreactivity in the control group (without cryopreservation) than in the cryopreserved groups, which showed fewer numbers of tracheal epithelial cells and mixed glands, with a consequent reduction of caspase-3 immunoreactivity (P < 0.03, ANOVA and Tukey test) mainly in the liquid nitrogen groups. Histologically, there is an important loss of cell viability. Thus, the decrease in caspase-3 immunoreactivity can be explained by increased cell death rather than by biochemical changes within the cell. Increased caspase-3 immunoreactivity in the epithelium and tracheal glands after harvesting of the control group could be explained by two different etiologies, i.e., ischemia from surgical dissection and tissue damage due to mechanical ventilation that increases caspase-3 immunoreactivity (36) .
We have shown that apoptosis can be triggered in epithelial cells during tracheal graft harvesting even prior to cryopreservation, and although epithelial caspase-3 immunoreactivity is reduced, in tracheal cryopreservation this could be explained by increased cell death. We can hypothesize that epithelial apoptosis can be present during tracheal graft harvesting, even before cryopreservation. Thus, antiapoptotic agents would decrease cellular death due to apoptosis during graft harvesting, with a subsequent higher caspase-3 immunoreactivity in the remaining epithelium due to the cryopreservation effect.
